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Various growth techniques have been revisited and developed to obtain single-or few-layer graphene and patterned graphene structures in a more viable way for device applications. [1] [2] [3] [4] [5] [6] [7] These options also provide the opportunities to explore a variety of graphene based materials and structures that might be able to offer interesting properties beyond those intrinsic to a single layer graphene. For the device application, a top-down approach is often adopted, i.e., using lithographic methods to define and produce graphene features of desirable size, shape, and density starting from a large graphene sheet on a substrate either through transfer or direct deposition; a typical bottom-up approach would be to first pattern a substrate (e.g., with nickel) followed by the selective graphene deposition. We recently demonstrated the feasibility of an alternative bottom-up approach for making graphene micro-and nano-structures, that is, laser induced local conversion (LILC) of a SiC thin-film into multilayer graphene (MLG). 8 Specifically, optical diffraction limit size graphene structures (e.g., in the order of lm in visible wavelength) can be directly written on a Si wafer size SiC thin film using a tightly focused laser beam with a high numerical aperture (NA) microscope lens, and pre-or post-growth patterning can in-principle achieve even smaller feature sizes down to 100 nm. 8 There have been a number of attempts generating MLG or graphitic structures using laser. [8] [9] [10] [11] [12] [13] However, in most cases, only macroscopic graphene structures were produced, except in our preliminary report of direct laser writing 8 and with the help of ion-patterning 10 where a few lm width graphene ribbons were obtained. Most attempts used single crystalline (4H or 6H) SiC substrates, which typically requires a relatively high power density for conversion. For instance, with a pulsed UV laser, a single crystalline sample required a peak power density $6 Â 10 7 W/cm 2 (1.4 J/cm 2 and 25 ns pulse width), whereas ion implantation induced disordering in SiC reduced the threshold power to $4 Â 10 6 W/cm 2 . 10 In our approach, because of using polycrystalline SiC thin-films and a high NA lens, as little as 10 mW power of a 532 nm CW laser, corresponding to $2 Â 10 6 W/cm 2 , is sufficient for achieving the conversion. Furthermore, we deposit the SiC film on a Si wafer (3 00 size currently used), which removes the limitations of the available SiC single crystal size and the associated high cost. More significantly, the process becomes compatible and can be integrated with the Si based microelectronic technologies. The major potential advantages of the LILC over the better developed SiC-to-graphene conversion via thermal sublimation of Si at high temperature (>1200 C) in ultra-high vacuum (UHV) 5 lies in these two aspects: (1) performed at room temperature and in air, and (2) much easier to achieve the spatial selectivity. Other laser assisted graphene deposition techniques have also been reported and are capable of generating 10-20 lm size graphene structures, for instance, on nickel foil in CH 4 and H 2 environment, 14 and on PMMA coated Si wafer, 15 typically carried out in a vacuum chamber using a high power laser (e.g., 3-5 W at 532 nm).
The graphene layers produced by the LILC on SiC have not been demonstrated with good electronic transport, therefore, might not be suited for the electronics without further improvement. However, they can be readily used in various other applications, such as capacitors, 11 bio-sensors, 16 and photonic structures, 17 where high electronic conductivity is not critical or even required. Graphene based photonic structures have recently received considerable interest. [17] [18] [19] To tune the working frequency into and explore other photonic applications in optical region, the graphene structure sizes need to be reduced to perhaps the order of 100 nm. The LILC process in conjunction with e-beam patterning could be a viable option. Therefore, the approach reported here could be applicable for fabricating graphene based photonic structures from THz to optical frequencies on a Si wafer size SiC thin-film.
In this Letter, we report (1) the growth control on the grain structure of the SiC film, yielding SiC templates that are appropriate for different conversion conditions (e.g., power density, illumination time) and thus can lead to different photonic elements; (2) the demonstration of $1 lm size photonic elements exhibiting different internal features by direct laser illumination (i.e., without any patterning); (3) selective growth of SiC micro-and nano-structures on Si wafer, and the subsequent conversion into graphene layers.
An ultrahigh vacuum MBE system (with $10 À10 Torr base pressure) is used to grow SiC thin films on Si substrates. Fullerene (C60) powders were used as carbon source. C60 is known to decompose when incident on the Si substrate then react with Si from the substrate to form SiC, under an appropriate combination of substrate temperature (T S ) and C 60 temperature (T C ). 20, 21 The typical temperature ranges are T S ¼ 700-800 C and T C ¼ 500-600 C, respectively. The optimal combination was found to be T S ¼ 800 C and T C ¼ 550 C for the consideration of crystallinity and uniformity. During growth, the gas or vapor in the chamber was monitored with mass spectrometer, and the film surface quality was inspected with reflection high-energy electron diffraction (RHEED). After 10 min growth, the samples were held at the growth temperature for 5-10 min to homogenize the epitaxial film. Then, the film was allowed to cool down slowly (10 C/min.) to room temperature. Substrates of three orientations, (100), (110), and (111), were used and grown on simultaneously. They were cleaned to remove surface contaminations and native oxide layer. The substrates were heated up to 850 C and stayed for half an hour to further remove the residual oxide. Only the results of the (111) substrate are reported here. The surface morphologies and microstructures of SiC thin film were characterized with SEM and XRD. The samples were illuminated with a CW 532 nm laser focused by the microscope of Horiba LabRam HR l-Raman system with a 100Â lens (NA ¼ 0.9). The diffraction limit spot size is 1.22 k/NA % 0.7 lm, corresponding to a power density of $2.5 Â10 6 W/cm 2 with 10 mW power. The maximum power used is $30mW. The illumination time is controlled by a shutter (SRS 474, Stanford Research System). The shortest shutter opening time is 4 ms. The laser-induced graphene structures were characterized with SEM, TEM, and l-Raman. Figure 1 shows the basic structural characterization of the as-grown SiC thin-film on the (111) Si substrate: Fig. 1(a) for a typical XRD 2h scan of the SiC thin-film with comparison to the substrate; Figs. 1(b) and 1(c) for surface morphology and cross-sectional SEM images, respectively. In Fig. 1(a) , an extra XRD peak appears at 35. 56 , close to that of the (111) peak of 3 C-SiC single crystal at 35.60 , which suggests that the epilayer is 3 C-SiC with slight inplane compressive strain, and the film is highly oriented. Figs. 1(b) and 1(c) show the grain sizes of 20-30 nm and thickness of $190 nm, respectively. Figure 2 compares the Raman spectra of Si substrate, as-grown SiC film, laser illuminated spot on the SiC film, and C 60 powders. Compared to the Si reference that shows the second order Raman features between 750-1000 cm À1 , 22 the as-grown film shows additional Raman features at 769 and 795 cm À1 that can be attributed to 6 H-SiC and 3 CSiC, 23 respectively; the illuminated spot exhibits five extra Raman peaks: three prominent ones at 1352, 1583, and 2684 cm
À1
, and two weaker ones at 2451 and 2927 cm ) for the other two, indicating unambiguously the presence of a MLG or some sort of graphitic structure. Sometimes in the literature, the observation of the D and G peaks alone without the 2D peak was used as evidence for the existence of graphene layers. 25 In fact, as shown in 2 , C 60 powder may also give rise to the D and G peaks, but without the 2D peak, which excludes the possibility that the 2D peak in the spectrum of laser-illuminated 3 C-SiC is from C60. Based on the fact 2D/G ratio <1, the laserinduced graphene is likely MLG. 26 The symmetric shape of the 2D peak indicates that the stacking order of graphene layers is turbostratic (i.e., A-A) rather than Bernal stacking (i.e., A-B). 27 The turbostratic stacking is also supported by the TEM image taken from a flake of the material scratched off the sample. 8 The inter-layer spacing was measured to be about 3.70 Å , and the total number of graphene layers is about 8$9 layers. The layer spacing is larger than that of the crystalline graphite with A-B stacking (c/2 ¼ 3.35 Å ), 27 but rather close to that of the theoretically predicted A-A stacking graphite of 3.61 Å (0 K). 28 The occasional appearance of the 6 H-SiC Raman peak at 769 cm À1 in the as-grown SiC indicates that the SiC film is not in pure 3 C phase. As shown in the inset of Fig. 2 , both SiC TO peaks diminish after laser illumination, indicating the conversion. Note that because the SiC film is rather thin to begin with, the second order SiC phonon peaks are not visible in our sample, in contrast to virtually all the cases of using a SiC single crystal where the second order SiC phonon peaks interference strongly with the graphene D and G peaks. 12, 13 We find that the surface morphology of the SiC film is rather sensitive to the details of the growth procedure. For instance, by adopting different substrate cleaning processes, we obtained three different films with their surface morphologies shown in Figure 3 . The substrate of sample A was cleaned with only acetone and methanol, so there might be a few nanometers thick native oxide left on the substrate; sample B with wet-etching (buffered oxide etching), and sample C with reactive ion etching (RIE). The average grain size increases from A to B to C, so does the film uniformity. Sample A shows $100 nm size domain consisting of small grains and rough surface, which could result from the presence of a thin native oxide layer. The average grain size, uniformity, and surface flatness of sample B is between samples A and C, whereas sample C is most uniform in terms of grain size and surface morphology. Samples A and B have nearly the same thickness of $190 nm and sample C is $50 nm thick. Sample C was grown on a SiO 2 patterned Si substrate with $5 lm wide exposed Si strips. SiC thin-film is found to deposit selectively on the exposed Si area. Due to the shadowing effect of the SiO 2 masks, the SiC film is thinner for the same growth time. With this selective growth, the narrowest SiC ribbons that have been grown are slightly below 90 nm, although the SiC-to-graphene conversion has not yet been demonstrated due to inadequate laser power density illuminating the small width.
Interestingly, these three films exhibit different laser power thresholds and minimum illumination times for the conversion: 10 mW/4 ms (limited by the shortest shutter time available), 17 mW/6 ms, and 22 mW/8 ms, respectively. An optimal combination can be found for a given power level: an illumination time yields maximum 2D peak intensity. The variation in the threshold conditions is likely due to the variation of the thermal conductivity with the crystallinity and thus the local heating temperature: lower thermal conductivity for a smaller grain size leading to higher local temperature. For sample C, the higher threshold power could also be due to less light absorption of the thinner SiC film. More interestingly, we have found that the internal structures of the converted regions are rather different, as revealed in the SEM images and l-Raman mapping results shown in Figure 4 for the single spot conversion, the creation of a graphene disc, under the optimal conditions 10 mW/4 ms, 17 mW/1 s, and 22 mW/1 s, respectively. The SEM images indicate that the material at the illuminated site is ablated slightly by the laser. The uniformity of the ablated area is quite different for each case, with the illuminated area on sample A being most uniform and the smallest, in contrast to the fact that the surface morphology of sample A is least uniform and the sample shows the lowest crystallinity. It is evident that the feature size on sample B is somewhat larger than that on sample A, presumably due to the higher laser power used associated with the larger average grain size of sample B. The difference between samples B and C could be due to the difference in the average grain size as well as the thickness of the SiC films, which could affect the heat diffusion in the film. The Raman image of sample A, Fig. 4(a) , indicates the formation of a graphene disc of comparable size of the ablated area, slightly larger than the laser spot size due to lateral heat diffusion. The intensity profile resembles the fundamental mode of a laser beam, suggesting that the graphene distribution more or less follows that of the laser intensity with a Gaussian profile. However, the Raman image of sample C, Fig. 4(c) , instead resembles a laser doughnut mode or graphene ring, which appears to correlate with the corresponding SEM image showing more ablation near the center of the illuminated spot. The shape of the Raman image of sample B, Fig. 4(b) , appears to be between the other two, and the Raman image size is larger as does the ablated area than those of the other two samples. Note that Fig. 4(a) represents the smallest feature, $1 lm, achieved so far with laser illumination, which likely benefits from the low laser power used associated with the low crystallinity of the film. The conversion mechanism is rather complex, depending on the power density, illumination time, thermal conductivity of the film as well as that of the substrate, and even the environment. 12 Clearly, the epitaxial film provides additional flexibility in controlling the LILC process compared to the use of single crystalline SiC. One may envision producing photonic structures of an array of the components similar to those shown in Fig. 4 and even combinations of the different types of Fig. 4 by either controlling the illumination or growth conditions. Note that with our approaches, the graphene components are already embedded in a dielectric medium either SiC or SiO 2 , which is a desirable situation for making a photonic structure.
In summary, we have shown that the growth of thin-film SiC on a large Si substrate offers greater flexibility for performing laser LILC into graphene layers, and compatibility with the existing Si based micro-electronics and photonics. The LILC process demonstrated here could be further developed into an efficient way to pattern graphene based microor nano-structure arrays for applications, such as photonics and bio or chemical sensing.
